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TECHNICAL MEMORANDUM X-1ll 

FORCE, MOMENT, AND FLOW-FIELD CHARACTERISTICS OF TWO 

WING-BODY-NACELLE C0MBlI" IONS AT 

MACH NUMBERS 2 AND 3" 

By W i l l i a m  A. H i l l ,  Jr. 

SUMMARY 

Flow-field data  and force  and moment coef f ic ien ts  of wing, body, 
and engine nacel le  combinations were obtained at angles of a t t ack  up t o  
2 3 O  and angles of s ides l ip  of Oo and 5 O .  
body length, were 5-9  and 10.4 mill ion f o r  t he  flow and force  data, 
respectively.  Two cyl indr ica l  bodies of fineness r a t i o  10 w e r e  employed. 
One, c o ~ i n e d  with an aspect-ratio-3/8 wing, had a tangent-ogive nose of 
fineness r a t i o  3, and the  other, combined with an aspect-ratio-1 wing 
which extended t o  the  body apex, had a Newtonian minimum-drag nose of 
fineness r a t i o  3 .  
t he  bodies, consisted of a straight-through duct of c i r cu la r  cross section. 
The length of t he  nacel le  w a s  48 percent of t he  length of t h e  bodies, and 
the  maximum diameter of t h e  nacel le  was 80 percent of t h e  diameter of t he  
bodies. 

The Reynolds numbers, based on 

The engine nacelle,  which w a s  at tached above o r  below 

The results of t h e  invest igat ion show t h a t  placement of the  engine 
nacel le  above or below t h e  wing-body combinations provided an increase 
i n  d i rec t iona l  s t a b i l i t y ,  decreased the maximum l i f t -d rag  r a t i o s  by 
approximately 5 percent, and increased t h e  minimum-drag coef f ic ien ts  by 
15 t o  20 percent. 
w e r e  obtained by avai lable  theory. 
both models was  on t h e  windward side of t h e  bodies and between 4 and 5 
body diameters f r o m t h e  apex of t h e  nose. 
ing t o  maximmi lift-drag r a t i o  t h i s  location resu l ted  i n  a 20-percent 
increase i n  average dynamic pressure and a 0.25 decrease i n  average Mach 
number over t h e  i n l e t  face compared with free-stream conditions. 

Fa i r ly  good estimates of these e f f ec t s  of t h e  nacel le  
A favorable engine inlet  loca t ion  f o r  

A t  angles of a t tack  correspond- 

The shape of t he  body-alone nose shock i n  t h e  v e r t i c a l  plane of 
symmetry can be predicted f o r  t h e  angle-of-attack case with general ly  
good accuracy by a simple extension of t h e  zero-angle-of-attack r e s u l t s  , 
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1 
Good estimates of t h e  flow-field characterl;tics f o r  

t he  windward s ide  of the  bodies alone i n  t h e  v e r t i c a l  plane of symmetry 'I 

a re  obtained by the  generalized shock expansion method of NACA TN 3349 
and by an approximate method developed herein. 

/g 167. 

INTRODUCTION 

For proper placement of an air-breathing engine on a supersonic 
a i r c ra f t ,  a knowledge of t he  e f f ec t s  of t h e  mutually in t e r f e r ing  flow 
f i e l d s  of engine and airframe i s  necessary. 
engine i n l e t  which d i r ec t ly  a f f ec t  t h e  engine's performance vary with 
the  posit ion of t h e  i n l e t  i n  t he  flow f i e l d  of t h e  airframe. 
engine nacel le  locat ion a f f ec t s  t he  external  aerodynamic charac te r i s t ics  
of t he  airframe. The problem i s  thus t o  place the  engine i n  such a 
posit ion t h a t  t he  most desirable  charac te r i s t ics  of both engine and air- 
frame are achieved. Experimental charac te r i s t ics  of a wide va r i e ty  of 
airframe and airframe-engine combinations a re  avai lable  i n  the  l i t e r a t u r e  
This information, however, includes l i t t l e  experimental f low-field data. 
An objective of t he  present study, therefore,  i s  t o  provide experimental 
data  on flow f i e l d s  about wing, body, and engine nacel le  combinations 
having t r iangular  wings of aspect r a t i o s  3/8 and 1. 
t i v e  i s  t o  determine t h e  pr inc ipa l  e f f e c t s  of aerodynamic in te rac t ion  
between engine nacel le  and airframe. 
theory i s  made. 

The flow conditions at t h e  

I n  turn,  

An addi t ional  objec- 
m 

Also, comparison of t he  r e s u l t s  with 

SYMBOLS 

Coefficients a r e  re fer red  t o  body axis. 

Xd2 reference area, - 
4 

survey coordinates (see f i g .  2 ( b ) )  

A 

a,h,x 

D drag coeff ic ient ,  - 
%A 

CD 

1 

yawing moment 
yawing-moment coeff ic ient ,  

%Ad 
Cn E 
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side-force coefficient, side force 

drag (excluding base drag) 

diameter of body 

fineness ratio, length/diameter 

lift 

%A 

maxirmun lift-drag ratio 

local Mach number 

local pitot pressure 

pitot-pressure ratio 

local dynamic pressure 

radius of body 

angle of attack, deg 

local angle of attack, deg 

angle of sideslip, deg 

local angle of sideslip, deg 

Subscript 

free-stream conditions 

APPARATUS AND PROCEDURE 

Wind 'Tunnels 

0 0 0  0 0 0 0  0 0  
0 0 0  0 0  
0 0  e 0 0  0 0 
0 0 0  0 0  
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The investigation was conducted in the Ames 1- by 3-foot supersonic 
wind tunnels nos. 1 and 2. Force and moment measurements were made in 
the no. 2 tunnel and flow surveys in the no. 1 tunnel. 
a closed-circuit, variable-pressure, continuous-operation type with a 

Tunnel no. 1 is 



4 
4 

Mach number range from 1.4 t o  4.0. Tunnel no. 2 i s  a nonreturn, var iable-  1 4  
pressure intermittent-operation type and has a Mach number range from 
1.4 t o  3.8. 
t he  contour of f l ex ib l e  s teel  p l a t e s  which form the upper and lower w a l l s  
of t h e  tunnel. 

The Mach number of e i t h e r  tunnel can be changed by varying 

Models and Instrumentation 

The geometric d e t a i l s  of t h e  models invest igated are presented i n  
f igure  1( a). 
employed. One, designated B1, had a tangent-ogive nose of fineness 
r a t i o  3 ,  and t h e  other, designated BE, had a 3/4 power or  approximate 
Newtonian minimum-drag nose of fineness r a t i o  5 .  Wing-body combination 
B,W, was composed of t he  two halves of a t r iangular  wing of aspect r a t i o  
3/8 attached t o  t h e  cy l indr ica l  portion of B,. 
engine nacelle, w a s  one of a se r i e s  of low-aspect-ratio missile-type con- 
f igurat ions which had previously demonstrated desirable  s t a b i l i t y  charac- 
t e r i s t i c s  (ref.  1). 
attached t o  B2 such t h a t  t he  leading edge of t he  wing extended t o  the  
nose apex. This model w a s  designed t o  represent a long-range a i r c r a f t  
capable of developing a r e l a t ive ly  high l i f t - d r a g  r a t io .  
of t h e  models were f la t  p l a t e s  with leading and t r a i l i n g  edges beveled 
and rounded. The engine nacelle,  which could be attached e i the r  above 
or  below the  bodies alone o r  t he  body-wing combinations, consisted of a 
straight-through du-ct of c i rcu lar  cross section. The shape of t he  nacel le  
w a s  designed f r o m  engine performance analyses of references 2 and 3 f o r  
a ram-jet engine operating at a Mach number of 3 with an i n l e t  recovery 
f ac to r  of 0.75. 
and the r a t i o  of nacelle length t o  base diameter w a s  6. 
w a s  0 ~ 8  of the  body diameter. 
t o  t o t a l  plan area (0.0126) corresponded t o  t h a t  t yp ica l  f o r  a long-range 
interceptor  missile. 
of f igure l ( b ) .  

Two cyl indr ica l  bodies of over-al l  f ineness r a t i o  10 were 

This model, without an 

Model B2W2 had a t r iangular  wing of aspect r a t i o  1 

The wing sections *I 

The r a t i o  of nacel le  i n l e t  t o  base diameter w a s  0.728 

For model B2W,N t h e  r a t i o  of i n l e t  area 

A view of model B2W2N i s  shown i n  t h e  photograph 
All of the  models were s t i n g  supported from t h e  rear .  

The base diameter 

The flow survey apparatus i s  depicted i n  f igu re  2 ( a ) .  The basic  
measuring instrument consisted of a rake of th ree  cone-cylinders having 
included angles of 40' ( see  f i g s .  2(b) and ( c ) )  
from brass with a diameter of 0.130 inch. 
pressure o r i f i c e s  were located on t h e  surface of each cone and a p i t o t -  
pressure o r i f i c e  w a s  located at  each apex. 
t h e i r  axes so t h a t  t h e  centers of t h e  opposed s ta t ic-pressure o r i f i ce s  
were i n  horizontal  or v e r t i c a l  planes. The axes of t h e  cones were p a r a l l e l  
with the body axis and pitched and ro ta ted  with t h e  model. The center 
cone was positioned i n  the  v e r t i c a l  plane of symmetry of t he  models and 
t h e  outboard cones were located symmetrically with respect t o  the  center 
cone and i n  v e r t i c a l  planes 1.06 body r a d i i  outboard from the  v e r t i c a l  

Each cone w a s  machined 
Four equally spaced s t a t i c -  

The cones were oriented about 
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plane of symmetry. Vert ical  and horizontal posit ioning of 
provided by moving the  rake v e r t i c a l l y  with respect t o  the  
support tube o r  by extending the support tube horizontally 
t o  the  model. 

the cones w a s  
cylindrical. 
with respect 

Tests 

Force tests.- L i f t ,  drag, and pitching moment a t  P =  0' and s ide  
force and yawing moment at 
t o  23'. 
based on body length, was  10.4 million. 
the  bodies and the  base of the  nacelle were recorded. D a t a  were obtained 
with the  nacelle aboTTe and below the  body. 

P = 5' were measured at angles of a t tack  up 
The Mach numbers were 1.97 and 2.94, and the  Reynolds number, 

S t a t i c  pressures at the  base of 

Flow surveys.- Local values of p i to t  pressure, Mach number, and 
angles of a t tack and s ides l ip  (see f ig .  3) were obtained in the  flow 
f i e l d s  below models B,, BIW1, Bz, and B2Wz at  a Mach number of 2.95 and 
a Reynolds number, based on body length, of 5.9 mill ion.  The measurements 
were made at 3, 5, and 9 diameters from the  nose apex (see f ig .  2 (b) )  . 
The angle-of-attack range was -15' t o  +l5O f o r  Because 
of possible e f f ec t s  of loca l  var ia t ions i n  tunnel stream angle as well  
as inaccuracies i n  the  alinement of the cones with respect t o  the  models 
l o c a l  f l o w  angles were obtained by taking differences between values 
measured with and without the models present. 

/3 = Oo and 5'. 

A check on the  poss ib i l i t y  of interference between adjacent cones 
was made a t  a l l  the  t e s t  angles and without a model present by obtaining 
data with and without the  center cone present. Comparison of data measured 
by the  two outboard cones for both cases showed no influence of the  
pressure f i e l d  of the center cone on the two outboard cones. 

Vapor screen tes t s . -  T e s t s  employing the  vapor screen method ( f o r  a 
description of t h i s  technique see ref-  1) were made f o r  models B7 and 
B2Wz a t  
and 0' and 5' angle of s ides l ip ,  vortex pat terns  w e r e  photographed with 
a camera mounted inside the  wind tunnel and downstream from the  base of 
t he  models. For models B, and BIW1, photographs of t he  vortex pat terns  
at a= 15' were obtained from reference 1 f o r  a Mach number of 3.3. 
( In  r e f .  1, model BIWl with a second wing in the  v e r t i c a l  plane i s  
designated BIW, and the  vortex patterns a re  shown f o r  t h i s  cruciform 
arrangement. ) 

I& = 2.95. With the  models a t  approximately 15O q l e  of a t tack 



6 

e .  0 .  0.. 0 0 .  0 0 0  - 0  0 

* .  O o 0  * * .  0 0  0 0 0  o m 0  0 0 .  e 0 

e .  om 0 . 0  0 .  0 0 0 .  0 -0- 0.0 

0.. e. 
- 0 0  

.a e 0 

0 . 0  .a 
m o o  

D a t a  Reduction 

Force tests.- The force and moment data  obtained from balance 
measurements have been reduced t o  coef f ic ien t  form and are re fer red  t o  
the  area and diameter of t he  body base. 
adjusted t o  a condition of free-stream s t a t i c  pressure on t h e  base of t h e  
body and the  base of t he  nacel le  when t h e  nacel le  was present.  
in te rna l  drag coefficient of t h e  nacel le  was subtracted from t h e  measured 
drag coeff ic ients  of t h e  models with nacelles.  The in t e rna l  drag coef f i -  
c ien t  w a s  calculated as t h a t  due only t o  a skin f r i c t i o n  force on t h e  
inside surface of t h e  nacelle.  It w a s  assumed t h a t  a condition of turbu- 
l e n t  boundary-layer flow exis ted  over t h e  e n t i r e  nacel le  surface.  
substantiation of t h i s  approach was  obtained a t  a= 0' by f inding t h a t  
t h e  experimental drag of t h e  nacel le  and supporting s t r u t  w a s  equal t o  
t h e  sum of the  calculated turbulent skin f r i c t i o n  drags of t he  strut and 
t h e  inside and outside surfaces of t h e  nacel le  (ex terna l  wave drag was 
negl igible) .  The in t e rna l  drag coef f ic ien t  calculated on t h i s  bas i s  was 
0.034 at & = 1.97 and 0.027 at  Moo = 2.94. The contribution of t h e  
in te rna l  flow t o  the  measmed pi tching and yawing moments w a s  negl igible .  

The drag coef f ic ien ts  w e r e  

The 

A 

Flow surveys.- Cone s t a t i c  and p i t o t  pressures measured i n  t h e  flow 
f i e l d s  of t h e  models were reduced t o  pi tot-pressure r a t i o  ( p  /p ), Mach 

number, and l o c a l  angles of a t tack  and s i d e s l i p  from ca l ibra t ions  made 
of the cones. The e f f ec t s  of Mach number on t h e  ca l ibra t ions  were deter-  
mined from measurements of t he  cone charac te r i s t ics  at free-stream Mach 
numbers of 1.77, 2.43, 2.95, and 3.88. 

p p, i 

Regarding the  cone ca l ibra t ions ,  t he  following remarks should be 
made. The only extensive published data  of experimental cha rac t e r i s t i c s  
of cones a t  la rge  angles of a t tack  a re  those of reference 4 f o r  t he  Mach 
number range 1.72 t o  2.43. 
investigation w e r e  similar i n  t h a t  both had 40' included angles. 
t he  two s e t s  of cones did d i f f e r  i n  severa l  respects.  The diameter of 
t he  present cones w a s  l e s s  than half  t h e  diameter of t he  cones of re fer -  
ence 4. 
i n  terms of cone diameters, and t h e  s ta t ic-pressure o r i f i c e s  were 30 per- 
cent c loser  t o  the  pitot-pressure o r i f i c e  i n  terms of o r i f i c e  diameters. 

Those cones and t h e  ones of t h e  present 
However, 

Also, t he  o r i f i ce s  of t he  present cones were 30 percent l a rge r  

Comparison of t h e  charac te r i s t ics  of t h e  two sets of cones at similar 
Mach nmibers showed no e f f ec t s  of t h e i r  differences i n  geometry on the  
ca l ibra t ion  curves f o r  determining stream angle o r  pi tot-pressure r a t i o .  
The o n l y  important difference bet.ween t h e  two ca l ibra t ions  w a s  i n  t h e  
determination of Mach number at  zero inc l ina t ion  by the  r a t i o  of surface 
s t a t i c  pressure t o  p i t o t  pressure. 
cones agreed with cone theory (obtained from t ab le s  and charts  of ref. ?), 

The present ca l ibra t ion  of smaller 
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whereas, t he  cal ibrat ion of reference 4 showed agreement w i t h  theory only 
at  
somewhat la rger  than theory. 

M = 1.72, and at higher Mach numbers gave indicated Mach numbers 

The calculat ion of Mach number fo r  flow incl inat ions other than zero 
was  accomplished by an i t e r a t i v e  procedure as suggested i n  reference 4. 
This was  necessary since the  r a t i o  of average s t a t i c  pressure t o  p i t o t  
pressure depends on the incl inat ion of the  l o c a l  flow w i t h  respect t o  the  
cone axis.  
I%, = 2.4 it i s  important and it was found t o  increase i n  importance as 
the  Mach number was  increased above 2.4. 

This dependence is negligible at low Mach numbers, but at 

A check t o  determine any ef fec ts  of Reynolds nunher on the  cone 
cal ibrat ions was  made at 
Reynolds numbers per inch of O . U ,  0.22, and 0.46 mill ion ( the  l a t t e r  
corresponded t o  the Reynolds number at  which the  flow surveys were made). 
The cal ibrat ions were found t o  be ident ica l  at  the three Reynolds numbers. 

Moo = 2.95. Calibration data were obtained at 

Precision 

The t o t a l  uncertaint ies  i n  t h e  force and moment coeff ic ients  were 
determined from estimated uncertaint ies  i n  the measurements of the forces 
and moments, repea tab i l i ty  of the data, and estimated e f f ec t s  of tunnel 
stream asymmetry determined from comparisons of data measured at posi t ive 
and negative angles of attack. The maximum estimated uncertaint ies  are 
l i s t e d  as follows: 

Coefficient Uncertaintx 

CL +0.10 
c, 50.20 

CD k0 . 02 
L/D k0.20 
Ck kO.10 
c, 50 .20 

The accuracy i n  measuring angles of a t tack  and s ides l ip  i s  within 
k0.lo. 
by the  models was l e s s  than k0.01 at 

The var ia t ion  i n  free-stream Mach number i n  the  region occupied 
I& = 1.97 and k0.02 at &, = 2.94. 

The estimated uncertaint ies  i n  the flow survey data were determined 
from the  individual uncertaint ies  i n  t h e  measurements of the  cone s t a t i c  
and p i t o t  pressures, angles of a t tack and s ides l ip ,  and the  estimated 
accuracy of the cone cal ibrat ions.  The maximum uncertaint ies  are shown 
below. 
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guant i ty  Uncertainty 

+o .02 

M +o .03 
+o .2O 

+0.l0 

RESULTS 

L i f t ,  drag, and pitching-moment coef f ic ien ts ,  and l i f t -drag  r a t i o  
at  
presented as functions of angles of a t tack  i n  f igures  4 t o  9 f o r  Mach 
numbers of 1.97 and 2.94. 
t he  nacelle mounted above and below t h e  bodies. Local values of p i t o t -  
pressure r a t i o ,  Mach number, and angles of a t tack  and s ides l ip  measured 
i n  the  flow f i e l d s  of t h e  models are presented i n  f igures  10 t o  23 f o r  a 
Mach number of 2.95. 
these l a t t e r  r e su l t s  are presented as applying t o  t h e  region below t h e  
models, and therefore  are shown at  both pos i t ive  and negative angles of 

only a t  pos i t ive  a, as i n  t h e  case of t h e  force  data, then the  negative- 
angle data may be in te rpre ted  as applying t o  the  region above the  models. 
Schlieren and vapor-screen photographs of t he  flow-fields are included 
i n  figures 24 and 25. 
the  models a re  presented i n  f igures  26 and 27. 
comparisons between theory and experiment of t h e  flow charac te r i s t ics  of 
t he  bodies alone. Table I i s  an index t o  the  basic  data  f igures .  

P = Oo, and side-force and yawing-moment coef f ic ien ts  a t  P = 5° are 

Data f o r  t h e  models with nacel le  a re  shown f o r  

For convenience of presentat ion and discussion, 

attack. However, i f  t h e  reader desires  t o  consider t h e  models incl ined 1 

Comparisons of i n l e t  flow conditions provided by 
Figures 28 and 29 present 

DISCUSSION 

Force and Moment Character is t ics  

L i f t . -  - Placing a nacel le  above or below t h e  bodies alone increased 

This r e s u l t  indicates  interference e f f ec t s  between body and 
t h e  lift by about t h e  same amount ( f i g s .  4 and 5) f o r  angles of a t tack  
up t o  10'. 
nacelle were e i t h e r  compensating o r  negl igible  at  these angles of a t tack.  
In t h i s  same range of angles, t he  f igures  show t h a t  t h e  value of t he  
nacelle l i f t  increment i s  approximately t h a t  calculated by slender-body 
theory neglecting cross-flow separation e f f ec t s  on the  nacel le  (see 
ref. 6) .  
of the nacel le  alone t o  t h a t  of t he  body alone, as calculated by slender- 
bodytheory, i s  0.98. 
only at  very low angles of a t tack  where cross-flow separation e f f ec t s  a re  

It i s  of i n t e re s t  t o  note t h a t  t he  r a t i o  of t he  lift coef f ic ien t  - 
However, t h i s  value is  rea l ized  experimentally 



small. Although not f u l l y  

I A  

understood, t he  addition of wings t o  the bodies 
and nacelle tended t o  reduce or cancel the  addi t ional  l i f t  of the nacelle 
obtained with the body-nacelle configurations. 

Pitching moment.- P i t ch ing -men t  coeff ic ient  ( f ig s .  4 and 5) i s  
presented with respect t o  the  reference locations shown i n  f igure  l ( a ) .  
These posit ions give a s t a t i c  s t a b i l i t y  margin of 10 percent of the body 
diameter at a Mach number of 2.94 f o r  each wing-body combination. 

A t  a = 0' a nonzero pitching-moment coeff ic ient  i s  shown by all 
configurations with nacelle. The nacelle below produced a negative 
increment in pitching moment, and the  nacelle above, a posi t ive increment. 
Both nacelle drag and aerodynamic interference between nacelle and body 
and nacelle and wing contribute t o  t h i s  moment increment. 
nacelle combinations these increments are approximately constant throughout 
the angle-of-attack range. However, for the  wing-body-nacelle combina- 
t ions,  it can be seen t'nat the increments approximateljr doubled between 
a = 0' and loo when the  nacelle w a s  above the  body; whereas, when the  
nacelle w a s  below the body the  increments decreased t o  zero, generally 
at about a = 10'. 

For the  body- 

Drag and lift-drag rat io . -  A t  a = 0' t he  increase i n  drag coeff ic ient  
( f ig s .  6 and 7) due t o  the addition of t h e  nacelle was  approximately 0.03 
i n  all cases, or about 15 t o  20 percent of t he  minimum-drag coeff ic ients  
of the  body-wing models. This value corresponds t o  the  theo re t i ca l  value 
fo r  a condition of turbulent boundary-layer flow over almost t he  en t i r e  
nacelle surface. While only t h i s  indirect  indication was obtained of 
the condition of the  boundary layer  over the nacelle,  d i r ec t  methods were 
employed t o  determine the type of boundary-layer flow over the  bodies and 
wings at  a = 0'. Sublimation t e s t s  of  B, and B,W, showed at  
and 2.94 tha t  laminar flow exis ted fo r  about 4-1/2 diameters downstream 
of the  nose apex. On the wings, however, complete turbulent boundary-layer 
flow existed.  Sublimation t e s t s  of B2 a t  k = 2.94 ( r e f .  7) and compari- 
son of force data f o r  f ixed and natural  t r ans i t i on  on B2W, a t  I% = 1.97 
and 2.94 showed tha t  laminar flow existed over only a small portion near 
the body aFex. 

Moo = 1.97 

For all models t he  var ia t ion  of drag coeff ic ient  with angle of a t tack  
i s  e s sen t i a l ly  t h a t  given by C L ~ .  

The change i n  maximum l i f t -d rag  ra t ios  due t o  the  addition of the  
nacelle t o  the  bodies alone was, i n  general, sma l l  and indicates t h a t  t he  
nacelle was as e f f i c i en t  a l i f t i n g  device as the  body. For the  body- 
wing-nacelle combinations ( L/D)- 
becazse of the addition of the nacelle,  Tnis value i s  s l i g h t l y  l e s s  than 
would be  calculated using experimental body-wing data plus a 0.03 
increment i n  drag coeff ic ient  due t o  the nacelle. 

was reduced by approximately 5 percent 
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Side force and yawing moment.- With t h e  
the  effect  of t he  nacelle at the r e a r  of t he  

models at angle of s i d e s l i p  
body i s  similar t o  t h a t  of 

a v e r t i c a l  s t a b i l i z e r  i n  providing d i rec t iona l  s t a b i l i t y ;  and as f o r  a 
v e r t i c a l  s t a b i l i z e r  s ignif icant  e f f e c t s  of model geometry would be 
expect ea. 

Comparisons of t he  data  f o r  t he  combinations with and without a 
nacelle ( f i g s .  8 and 9) show t h a t  at  
was  increased by an amount approximately three  times t h e  value of t h e  
side-force coefficient of t h e  body alone by adding the  nacelle e i t h e r  
above or below the  body. 
moment which, f o r  t he  body-nacelle combinations, was  only s l i g h t l y  depend- 
ent on angle of a t tack and generally independent of nacel le  location. 
This l a t te r  e f f e c t  i s  in te res t ing  i n  t h a t  it indicates  negligible adverse 
interference from body vort ices  f o r  t h e  nacel le  located above t h e  body. 
The effectiveness of a v e r t i c a l  t a i l  i n  t h i s  location, on the  other hand, 
i s  generally decreased by body vortex interference.  For t he  combinations 
with wings, however, s ign i f icant  e f f ec t s  of both angle of a t tack and 
nacelle locat ion on the  yawing-moment increment are shown. The loading 
on t h e  nacelle when located above the  body w a s  decreased by the wing- 
generated expansion f i e l d ,  and resul ted i n  a decreasing posi t ive yawing- 
moment coeff ic ient  with increasing angle of a t tack.  
located below the  body the  opposite e f f e c t  occurred as a r e s u l t  of t he  
high dynamic pressure and low Mach number f i e l d  created by the  wing. 
These effects  were more pronounced a t  t h e  higher Mach number and f o r  
model B2W2N which had a l a rge r  wing r e l a t i v e  t o  t h e  body than model B,W,N. 

a = 0' t h e  side-force coeff ic ient  

This increment produced a s t a b i l i z i n g  yawing 

When the  nacel le  w a s  

1 

The theore t ica l  values of side-force and yawing-moment coeff ic ients  
appearing i n  the f igures  w e r e  calculated by the  method employed i n  r e fe r -  
ence 8 f o r  predicting the contribution of v e r t i c a l  t a i l s  t o  t h e  character- 
i s t i c s  i n  yaw of various wing-body-tail configurations, 
calculations it w a s  assumed t h a t  t h e  nacelle and supporting strut could 
be represented by a v e r t i c a l  t a i l  surface. 
t a i l  of the same t o t a l  height as the  nacelle and strut w a s  calculated by 
slender-body theory and then modified by a f a c t o r  t o  account f o r  body-tail 
interference ( see  ref. 8).  
component of s ide force on the  nacel le  l i p ,  t he  s ide  force w a s  a r b i t r a r i l y  
assumed t o  a c t  at the  centroid of volume of t h e  strut and nacelle (1.55 d 
forward of nacelle base) .  Effects of angle of a t tack and nacelle location 
were assumed due only t o  t h e  presence of t h e  wing and w e r e  obtained by 
multiplying the  calculated values of s ide  force and yawing-moment incre- 

For t h e  present 

The s i d e  force  of t he  assumed 

Except f o r  t h e  r e l a t i v e l y  small i n t e rna l  

K ( r e f .  8).  
[ ( M2-1)  /( h2-1) ] 1'2 

ments f o r  a = Oo by the  expression 1 + 

The factors without subscripts i n  t h e  bracket refer t o  average l o c a l  con- 
dit ions i n  the  region occupied by the  nacelle and were obtained by a two- 
dimensional expansion or compression of the free-stream flow through the  
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angle a. The f ac to r  K i s  a correction f o r  wing plan form and i s  equal 
t o  the  l i n e a r  theory r a t i o  of loading coeff ic ient  at  the root chord of 
the  wing t o  loading coeff ic ient  f o r  a two-dimensional wing. 
increments i n  side-force and yawing-moment coeff ic ients  were added t o  the  
corresponding experimental coefficients of the body alone and body-wing 
combinations t o  obtain the  t o t a l  coeff ic ients  of the  configurations with 
nacelle.  

The calculated 

Generally, good agreement between theory and experiment i s  shown by 
the  comparison of side-force coefficients.  
coeff ic ients  shows t h a t  the  predicted var ia t ions with angle of a t tack a re  
generally Ln accordance with t h e  experimental trend. 
experiment shows t h a t  the  center of side loading increment moved forward 
with increase i n  free-stream Mach number, whereas, i n  the  theory it was  
assumed t o  remain stationary.  

Comgarison of yawing-moment 

A t  a = Oo, however, 

Details of Flow Fields About the  Models 

V e r t i c a l  plane of symmetry, P = Oo.- Figures 10 through 12 present 
l o c a l  pitot-pressure r a t io ,  Mach nmriber, and angle of a t tack as functions 
of survey locat ion and angle of attack f o r  a free-stream Mach number of 
2.95. The f i l l e d  synibols represent the flow quant i t ies  j u s t  behind the  
nose shock as obtained from the experimental l o c a l  slope of the  shock 
wave ( f i g .  24) and the  two-dimensional oblique shock re la t ion  f o r  
M, = 2-93. 
va l id  data  points,  equalled t h a t  of the physically measured quant i t ies .  

The precision i n  determining these values, which are considered 

A t  Mach numbers above 2 the  r a t i o  of l oca l  p i t o t  pressure t o  f ree-  
stream p i t o t  pressure ( p  / 
equivalent t o  the r a t i o  of l o c a l  dynamic pressure t o  free-stream dynamic 
pressure. M, = 2 and 3 these r a t i o s  w i l l  d i f f e r  by no more than 
4 percent. 
pressure and therefore  a high value of pitot-pressure r a t i o  at the engine 
i n l e t  i s  desirable.  
values of pitot-pressure r a t i o  occurred near the  nose shock. Downstream 
of the  shock the  attenuating e f fec t  of the  expansion f i e l d  generated by 
the  ogive nose i s  shown at posi t ive a t o  extend f o r  approximately one 
nose length (three diameters). Increases i n  posi t ive a resul ted i n  
s ignif icant  increases i n  pitot-pressure r a t i o  above 1, and are  evident 
as approximately constant displacements of t he  pitot-pressure r a t i o  curves 
by amounts equal t o  t h e  increases i n  pitot-pressure r a t i o  at the  shock. 
In  contrast ,  at negatives angles of attack the  pitot-pressure r a t i o  was 
generally below 1 and showed only small e f f ec t s  of changes i n  

) may, for all p rac t i ca l  purposes, be assumed p PP, 

Between 
From the  viewpoint of increasing engine th rus t ,  a high dynamic 

For models B l  and BlWl ( f i g .  10( a> the  highest 

CL and h/r. 
The e f f ec t  of the wing i s  indicated a t  
pitot-pressure r a t i o  over t h a t  of t h e  body alone at posi t ive a. and a \ 

x/d = 9 by a s l igh t  increase i n  / 

s l igh t  decrease a t  negative a. 
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The data of models B, and B2W2 ( f i g .  10 (b ) )  r e f l e c t  again the  
dominating influence of t he  body nose. 
nose produced only a s l i g h t  change i n  pitot-pressure r a t i o  downstream of 
the  nose shock. The e f f ec t  of t h e  expansion f i e l d  about t he  body shoulder 
(see f i g .  24) resul ted i n  a decrease i n  pitot-pressure r a t i o  i n  t h e  region 
between 5 and 9 diameters f romthe  nose apex. Comparison of t he  data  f o r  
t h e  two models ( see  a l so  f i g .  26) shows t h a t  t he  aspect-ratio-1 wing 
extended t o  the nose apex of t he  body increased t h e  s t rength of t h e  body- 
nose shock. 
r a t i o  for  t he  body-wing model w a s  about 0.10 l a r g e r  a t  
la rger  at 
a t tack,  however, t h e  expansion f i e l d  of t h e  wing caused a s igni f icant  
decrease i n  pitot-pressure r a t i o  below free-stream conditions with 
increasing distance from the  nose apex. 

In t h i s  case, t h e  slender Newtonian 

Downstream of the  shock a t  a = 10' and 15' the pitot-pressure 
x/d = 5 and 0.20 

x/d = 9 than t h a t  f o r  t h e  body alone. A t  negative angles of 

The trends shown by the  l o c a l  Mach number and angle-of-attack data 
of f igures 11 and 12  are, i n  general, t he  inverse of those discussed 
above for  pitot-pressure r a t i o .  Thus, f o r  models Bl and BIWl, l a rge  
posi t ive longitudinal gradients i n  M and a' occurred downstream of the 
nose shock. 
only small gradients i n  M and a' except f o r  conditions of large negative 
angles of  a t tack and locations near t h e  body. 

& t h i s  same region the data of models B, and B2W2 exhibi t  

Outboard v e r t i c a l  plane, = Oo.- D a t a  obtained i n  the  two outboard 
l3 = Oo a re  compared i n  f igures  13 t o  15 with data a t  v e r t i c a l  planes a t  

'I 

corresponding locations i n  the  v e r t i c a l  plane of symmetry. The comparisons 
are made f o r  locations which are approximately t h e  sane r a d i a l  distance 
from the body axis ( see  f i g .  2 ( b ) ) .  

A t  posi t ive angles of a t tack these comparisons a r e  assumed t o  show 
d i r ec t ly  the var ia t ion  i n  t h e  flow quant i t ies  over t he  spanwise distance 
between t h e  outboard planes and plane of symmetry. A t  negative angles, 
however, the r e s u l t s  are interpreted with regard t o  t h e  vortex posit ions 
indicated by the photographs of f igures  24-25, f o r  it i s  w e l l  known t h a t  
extremely nonlinear spanwise var ia t ions i n  t h e  flow charac te r i s t ics  w i l l  
be measured when a survey t raverses  c lose t o  or  through the  center of a 
vortex ( r e f .  12). These photographs show t h a t  t h e  vortex locations were 
s ignif icant ly  affected by changes i n  model geometry. For example, addition 
of wings t o  t he  bodies tended t o  move the  vortex centers down and outboard. 
This i s  p a r t i c u l a r l y  evident f o r  model B,W, at 
t h i s  case, provide a vortex-free region f o r  an engine i n l e t  located on 
t h e  leeward s ide of t he  body. 

x/d = 9. The wings, i n  

Except f o r  the survey location c loses t  t o  t h e  body (h/r  = 1.6), 
pitot-pressure r a t i o  and Mach number ( f i g s .  13-14) measured i n  the  outboard 
plane were not grea t ly  d i f fe ren t  from those i n  t h e  plane of symetry.  
t he  closest location i n  the  outboard plane pitot-pressure r a t i o  w a s  
decreased and Mach number increased with respect t o  the  values i n  the  
plane of symmetry. 

i A t  
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Comparisons of angle-of-attack data i n  the  two planes ( f i g .  15) show 
t h a t  a t  both 
board plane was generally higher a t  posit ive 
a 
On the  leeward side of the wing-body models (negative 
the  data  show the  e f f ec t s  of an outboard movement of the  body vort ices .  
A t  t h i s  location large differences between the l o c a l  angles of a t tack in 
the  two planes are  indicated f o r  B1 and B2, whereas only small differences 
are indicated f o r  BlWl and B,W,. 

h/r = 2.16 and 1.60 the  loca l  angle of a t tack i n  the  out- 
a and lower at negative 

than the corresponding loca l  angle of a t tack i n  the  plane of symmetry. 
a)  at x/d = 9 

Local s ides l ip  angles measured i n  the  outboard v e r t i c a l  plane a re  
presented i n  f igure 16. 
board plane. 
negative angles, flow toward the axis (see f ig .  3 (b ) ) .  
only s l i g h t  e f fec ts  of model geometry on l o c a l  s ides l ip  angle are apparent. 
The l a rges t  e f fec ts  of a are  shown for the  locat ion closest  t o  the  
body. A t  large negztive a, the effects  of the  vort ices  on P ' ,  as 
influenced by model geometry, a r e  similar t o  those discussed above f o r  
l o c a l  angle of attack. 

The data a re  shown as applying t o  the  l e f t  out- 
Posit ive angles represent flow away from the  body axis, and 

A t  posi t ive a 

Vert ica l  plane of symmetry and outboard planes, /3 = 5O.- For the  
v e r t i c a l  plane of symmetry, f igures  17  t o  19 show t h a t  l o c a l  pitot-pressure 
r a t io ,  Mach number, and angle of attack w e r e  generally unaffected by 
changes i n  P from Oo t o  5 O .  

Changes i n  l o c a l  s ides l ip  angle which occurred with changes i n  P 
throughout the  a range a re  shown i n  f igure 20. In this case the  net 
change i n  s ides l ip  angle due t o  
both f o r  the  vertical .  plane of symmetry and the outboard v e r t i c a l  planes. 
Between 
s ides l ip  angle which i s  approximately the sane as or  somewhat la rger  than 
the 5' change i n  p. A t  a = -l?O, however, the  change i n  s ides l ip  angle 
varied considerably with location. This apparently was associated with 
the  vor t ices  being asymmetrically arranged with respect t o  the  v e r t i c a l  
plane of symmetry, as shown i n  figure 25 f o r  model B2W2. 

P = 5' i s  plotted.  The data a re  presented 

a = 15' and -5' each survey location experienced a change i n  

Local pitot-pressure ra t io ,  Mach number, and angle of a t tack measured 
i n  the  outboard v e r t i c a l  planes a t  
21 t o  23. For all models at posi t ive a, the  p i t o t  pressure measured by 
the windward cone ( r i g h t  outboard plane) was increased with respect t o  
the  corresponding value f o r  
t h a t  the  pressure w a s  decreased at  the  leeward cone ( l e f t  outboard plane) . 
This incremental change i n  p i t o t  pressure due t o  
uniform Over the length of the  models and attenuated r ad ia l ly  i n  a direc-  
t i o n  away from the  models. The changes i n  M and P '  due t o  P = 5' are 
evident as the  inverse of the  change i n  p i t o t  pressure. A t  negative 
angles of a t tack and between 3 and 9 diameters from the nose apex, a 
reversal  i s  shown i n  the  sign of the  incremental change i n  pitot-pressure 
r a t i o  and Mach number. This reversa l  probably resu l ted  from the  increase 

j3 = Oo and 5 O  a re  compared i n  figures 

p = Oo by approximately the  same increment 

P = 5 O  was generally 
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i n  loca l  body vor t i c i ty  between these two s ta t ions .  
pronounced a t  
a l so  indicated. 

This e f f ec t  i s  more 
a = -13O where large var ia t ions  with model plan form a re  

Comparisons of In l e t  Conditions f o r  the  Models 

I n  f igure  26 comparisons a re  made t o  show the  possible advantages 
or disadvantages of each of t he  various models over the  others i n  providing 
favorable i n l e t  conditions of high pitot-pressure r a t i o ,  low Mach number, 
and low l o c a l  angles of attack. 
plane of symmetry and P = 0'. The most s igni f icant  differences between 
the  models occurred on the  windward s ide  (pos i t ive  
par t icular ly ,  B2W2 provided higher values of pitot-pressure r a t i o ,  lower 
Mach numbers, and generally lower l o c a l  angles of a t tack  over a considerably 
longer portion of the  af'terbody than did B1 and BIW1. 

Comparisons a re  made f o r  the v e r t i c a l  

a), where B2 and, 

I n  f igure  27 cross p lo ts  of the  wing-body data i n  the  v e r t i c a l  plane 
s ta t ions  t o  indicate  the  more of symmetry a re  presented f o r  several  

favorable i n l e t  locations on the windward s ide of the winged models cor- 
responding t o  the  condition of maximum l i f t -d rag  r a t i o  ( a  = 10' f o r  BIWl 
and a z 5' f o r  B2W2). Since the range i n  the ordinate h/r  of 1.60 t o  
2.77 coincides with the  i n l e t  locat ion of the  nacelle i n  the v e r t i c a l  
plane,of symmetry, the  p lo ts  thus present the  l o c a l  flow var ia t ion  across 
the  in l e t  diameter of the  nacelle. The higher angle of a t tack necessary 
f o r  BIW, t o  achieve (L/D)max, as compared with B2W2, i s  seen t o  r e su l t  in 
both models having similar average Mach numbers and pitot-pressure r a t io s  
at  the i n l e t  plane when interference from the nose shock w a s  absent. The 
intersect ion of the  nose shock with the  i n l e t  plane i s  indicated a t  
x/d = 3 f o r  BIWl and 
i n  the flow parameters t o  free-stream values. 

x/d 

x/d = 3 and 4 f o r  B2W2 by the  discontinuous change 

For conditions of m a x i m  l i f t -drag  r a t io ,  high l o c a l  pitot-pressure 
r a t io ,  low l o c a l  Mach number, and small l o c a l  angles of a t tack,  f igure 27 
indicates t ha t  the most favorable i n l e t  locations a re  at about 
f o r  BIWl and 
average l o c a l  pitot-pressure r a t i o  i s  approximately 20 percent above the  
free-stream value of 1 and the  average loca l  Mach number i s  about 0.23 
below free-stream Mach number 2.95. 
approximately 3 . 5 O  fo r  BIWl and Oo f o r  B2W2. 
provide l e s s  d i s tor t ion  i n  pitot-pressure r a t i o  and Mach number and 
s l igh t ly  more d is tor t ion  i n  loca l  angle of attack over the i n l e t  diameter 

x/d = 4 
x/d = 5 f o r  B2W2. Corresponding t o  these locations the  

The average l o c a l  angle of a t tack i s  
Model B2W2 i s  shown t o  

than B i W i .  
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Comparison of Body-Alone Flow-Field D a t a  With Theory 

In t h i s  section comparisons are made between theory and experiment 
f o r  the flow f i e l d  i n  the ve r t i ca l  plane of symmetry at 
comparisons are  res t r ic ted  t o  the  bodies alone since no methods were 
available f o r  calculating the e f fec ts  of the  wings. 
have been shown experimentally t o  contribute the dominating character is t ics  
of the flow i n  the ve r t i ca l  plane of symmetry. 

P = 0'. The 

The bodies, however, 

The flow-field character is t ics  were calculated by the generalized 
shock-expansion method employed by Savin i n  reference 9, and by an 
approximate method described i n  appendix A. 
the  assumption that the  flow f i e l d  i s  local ly  two-dimensional i n  nature 

A downstream of the body apex. 
1 shown by Savin t o  give good estimates of surface quantit ies and shock 
7 wave coordinates of nose shapes f o r  hypersonic s imilar i ty  parameters, 
6 &/fn, ranging from 0.6 t o  1.68. 

method should give equally good resul ts  at points i n  the flow f i e l d  between 
the shock and surface boundasies. 
was devised t o  give a rapid estimate of the flow character is t ics  i n  the 
ve r t i ca l  plane of symmetry, and u t i l i ze s  the  r e su l t s  of Love and Long 
( re f .  11) i n  estimating shock-wave shape f o r  the  angle-of-attack case 
(appendix B) . 
l?', and the  generalized shock expansion method w a s  used f o r  B1 at 
a = loo. 
separation on the leeward side of the  bodies, calculations of flow 
quant i t ies  were made only f o r  the windward side.) 

Both of these methods u t i l i z e  

The generalized shock expansion method was  

Further, it was indicated tha t  the 

The approximate method (appendix A) 

This method was  used f o r  both B1 and B2 at a = Oo, loo, 

(Since neither of the two methods accounts f o r  e f fec ts  of flow 

Shock-wave shape. - Comparisons of calculated and experimental shock- 
wave coordinates a re  presented i n  figure 28. 
figure) at 
follows closely the experimental shape. Similar agreement between experi- 
mental and cdlculated shapes i s  shown by the comparisons f o r  
where the  calculated shapes have been obtained from equation (E) and the 
generalized shock-expansion method ( for  

For body B1 (upper half of 
a; = Oo, the  shock obtained by the  method of Love and Long 

a; # Oo, 
a = loo). 

Shock-wave coordinates obtained f o r  body B2 are presented i n  the 
lower half of figure 28. 
a point s l i gh t ly  upstream of the apex of B2. This point represents the  
apex of the  circular  arc  nose assumed t o  represent the contour of B2 i n  
the  shock-wave calculation. I n  determining the shape of the shock fo r  a 
given nose contour, it is necessary t o  assume a circular  arc  nose tangent 
t o  the forward portion of the true contour. 
i n f i n i t e  at the apex, and varies as (x/d)-l'*, the  ci rcular  arc i n  t h i s  
case could be assumed tangent a t  only one point. 
w a s  at 5 percent of the  nose length (x/d = 0.25). 
had approximately the same ordinates and slopes as the  t rue  contour up 

The calculated curves are shown t o  emanate from 

Since the  slope of B2 i s  

The tangent point chosen 
The resul t ing contour 
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t o  x/d of about 2. A t  a = Oo very good agreement between t h e  
experimental and calculated shock-wave shapes i s  shown. 
than zero the  comparisons indicate  t h a t  t h e  slope of t he  shock i s  pre- 
dicted,  but  t h e  posi t ion of t he  shock i s  displaced forward of t h e  true 
pos i t  ion. 

A t  angles other  

Flow-field character is t ics . -  Mach number and pitot-pressure r a t i o  
calculated f o r  t he  v e r t i c a l  plane of symmetry of B1 and B2 a re  presented 
i n  figure 29. 
t h e  value of t he  ordinate behind t h e  shock. The discont inui ty  occurring 
i n  t h e  curves obtained by the  method of t h e  present report  i s  primarily 
a resu l t  of t h e  assumptions of t h e  method (see appendix A).  The locat ion 
of t h i s  discont inui ty  i s  dependent on t h e  calculated posi t ion of t h e  Mach 
l i n e  from the  juncture of t he  nose and afterbody. 
shown between theory and experiment, however, indicates  t h a t  t h e  region 
of influence of t he  discont inui ty  i s  small. 

The i n i t i a l  point of each theo re t i ca l  curve represents 

The good agreement 

The theo re t i ca l  curve obtained by t h e  generalized shock expansion 
method f o r  B1 at  a = 10' i s  shown i n  f igu re  29 t o  give a lower Ylch 
nuniber and higher pi tot-pressure r a t i o  than those of t h e  approximate 
method i n  a region between the  shock and t h e  Mach l i n e  from t h e  nose- 
cylinder juncture. 
more t o  t he  rear. A f t  of t he  Mach l i n e  both methods give approximately 
t h e  same values of Mach number and pi tot-pressure r a t io .  

In  addition, t h e  Mach l i n e  i s  indicated t o  be incl ined 

Local angles of a t tack  calculated by the  generalized shock expansion 
method (no values were obtainable by t h e  approximate method) f o r  B1 at 
a = 10' are  presented i n  f igure  l2(a).  
t o  the body, good agreement with t h e  measured angles i s  shown. A t  
h / r  = 1.60 t h e  calculated values are higher than the  experimental by 
several  degrees. 
describe the  flow f i e l d  very close t o  t h e  body surface. 

EXcept f o r  t he  locat ion c loses t  

This r e s u l t  demonstrates a f a i l u r e  of t he  method t o  

CONCLUSIONS 

Flow-field charac te r i s t ics  and force and moment coef f ic ien ts  of t w o  
t r i a n g u l a r  wing, body, and engine nacel le  combinations have been obtained 
at Mach numbers 2 and 3. A n  analysis  of these data  has led t o  the  
following conclusions: 

1. Placement of t h e  engine nace l le  above o r  below the  wing-body 
combinations provided an increase i n  d i rec t iona l  s t a b i l i t y ,  decreased the  
m a x i m  l i f t -d rag  r a t i o s  by approximately 5 percent, and increased the  
minimum d r a g  coef f ic ien ts  15 t o  20 percent. 
these e f f ec t s  of t h e  nacel le  were obtained by avai lable  theory. 

Fa i r ly  good estimates o r  I 



/3F* 

I -  
2. A favorable nacelle i n l e t  location for both models was on the  

windward s ide  of the body and between 4 and 5 body diameters from the  
apex of the  nose. 
r a t i o  t h i s  location resul ted i n  a 20-percent increase i n  average dynamic 
pressure and a 0.25 decrease i n  average Mach nuniber over the i n l e t  face 
compared with free-stream conditions. 

A t  angles of attack corresponding t o  maximum lift-drag 

3. The shape of t he  body-alone nose shock i n  the  v e r t i c a l  plane of 
symmetry can be predicted f o r  the  angle-of-attack case with generally 
good accuracy by a simple extension of the  zero-angle-of-attack r e s u l t s  
of NACA TN 4167. 

4. Good estimates of the  flow-field charac te r i s t ics  f o r  the  windward 
s ide of the  bodies alone i n  the  v e r t i c a l  plane of symmetry a re  obtained 
by the generalized shock expansion method of NKCA TN 3349 and by an 
approximate method developed herein. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Aug. 4, 1959 
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APPENDIX A 

APPROXIMATE METHOD FOR CALCULATING MACH NUMBER AND 

PITOT-PRESSURF: RATIO I N  FLOW FIELD ON W I N D W A R D  

SIDE OF BODY I N  VERTICAL PIAJIX OF SYMMETRY, 

p = oo 

Outline of Method 

Consider an axisymmetric nose and cy l indr ica l  afterbody combination 
inclined at  an angle a t o  a supersonic stream (sketch ( a ) ) .  The shock A 

1 
7 c 

\ 

I 

\- 
t I 

\ \  h \. 

\ y\ \ 

Shock 

Sketch (a) 

\ \ 
\ 

\ \  \ 
\ \  
\ '  
\ N' 

M' 

wave attached t o  the  nose apex and Mach l i n e s  A t h e  flow f - d -  on the  
windward s ide are shown schematically. Line AE i s  drawn p a s a l l e l  t o  
t h e  body axis. Angle CJ defines t h e  l o c a l  turning angle at the  juncture 
of t he  nose and afterbody; thus when u = 0, MM' = N". In t h e  approximate 
method developed herein the  l o c a l  Mach number along l i n e  i s  assumed 
t o  vary l i n e a r l y  between A and B, B and C, C and D, e t c .  Effects of any 
turning of t he  flow between A and B are neglected. Hence, calculation 
of t he  flow Mach number i s  dependent on calculat ion of t he  Mach nurriber 
immediately downstream of the  shock and at  each of t he  Mach l i n e s  con- 
sidered, i n  addition t o  specif icat ion or" t he  locat ion of t h e  shock and 

AI3 
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0. 0.. 0 0 * .. .. . *.. . ... .. 
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0 . 0 .  0 0 0 .  0 0 e.* 0 . .  e. 
0 . .  * .*a 0 e.. e. .e 
.a 0.. 0. e.. 0 0 0. 0. 0 0 0 .e. 0. 

Mach l ines .  The shock-wave characterist ics may be determined from 
equation (a) in  appendix B and the two-dimensional oblique shock 
relat ions.  Calculation of the Mach lines is  outlined as follows. 

Details of the method w i l l  be  presented f o r  Mach l i n e  
the same procedure was employed f o r  a l l  other Mach l ines  considered. A 
first approximation t o  Mach l i n e  MM' i s  obtained by constructing MM" 
(sketch ( b ) ) ,  a l i n e  of constant slope, p,+ (I, where 

MM'; however, 

pm i s  the Mach 

Sketch (b) 

angle corresponding t o  the surface Mach number immediately ahead of 
point M (on nose). Next, approximate streamlines bent by an angle at  
at the  nose shock are extended fromthe shock at  a constant incl inat ion 
corresponding t o  a' u n t i l  they intersect line MM". Along the Mach 
l i n e  at  each intersection point n= 1, 2, . . ., the  loca l  Mach number & 
i s  obtained from the  r a t i o  02 l oca l  s t a t i c  t o  t o t a l  pressure, p,/p 

The loca l  t o t a l  pressure pt 

stream l ine ,  and the  loca l  s t a t i c  pressure, pn, is approximated by applying 
a resu l t  of pro jec t i le  theory (ref.  10) which states tha t  the pressure 
coefficients,  ( p n - p m ) / h ,  at points not  near the body axis along a Mach 
l i n e  vary inversely with the square r o o t  of the v e r t i c a l  displacements of 
the points from the axis. 
l i n e  MM" is  thus assumed t o  be related t o  i t s  corresponding value at 
the surface by 

. 
t n  

i s  assumed constant along each approximate 
n 

The l o c a l  pressure coefficient along Mach 
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The pitot-pressure r a t i o  corresponding t o  Mn i s  calculated from 

A second, c loser  approximation t o  Mach l i n e  MM' may now be 
constructed as l i n e  MM'" ( see  sketch ( b ) )  along which the  flow propert ies  
calculated f o r  l i n e  MM" are  assumed t o  apply. The average slope of 
l i n e  MM' ' between two consecutive points  i s  obtained by 

I n  applying the  abwe method t o  the  models of t he  present investiga- 
t ion ,  a t  most four streamlines were employed t o  obtain Mach l i n e  
Sketch (b )  t yp i f i e s  t h e  spacing of t h e  streamlines. I n  view of t he  
approximations involved i n  the  method, addi t ional  intermediate streamlines 
were considered unnecessary. 

MM"' .  

Surface Character is t ics  

The surface charac te r i s t ics  needed i n  t h e  preceding flow calculations 
were obtained as follows. For t he  models a t  zero angle of a t tack  surface 
pressures were obtained from references 15 and 16 f o r  B1 and B,, respec- 
t i ve ly .  A t  a >  0, t he  pressure at the  nose apex w a s  obtained from t he  
conical f l o w  theories  of reference 9 f o r  B, and reference 13 for B,. 
(For the l a t t e r  case a small conical t i p  w a s  assumed tangent t o  the  true 
contour of B, at a point 5 percent of t h e  nose length.)  Pressures down- 
stream of t h e  apex were then obtained by a Prandtl-Meyer expansion of the 
surface f low.  
assumed equal t o  the  value at the  nose-cylinder juncture.  
on the afterbody of B2 were not obtained beyond the  juncture. 

The pressures on the  cy l ind r i ca l  afterbody of B1 were 
The pressures 

b 

. 

c 



APPENDIX B 

METHOD FOR ESTIMATING SHOCK SHAPE IN VERTIW PLANE 

OF SYMMETRY FOR NOSE AT ANGLE OF ATTACK 

The method of Love and Long (ref. 11) assumes tha t  the loca l  ordinate 
of the  shock attached t o  a pointed axisymmetric nose at zero angle of 
a t tack may be obtained from the following simple expression: 

A 
1 
7 
6 

where 

x7 Y coordinates of shock 

KO scale factor  which re la tes  sca le  of shock t o  scale of a circular  
* arc tangent t o  forward portion of nose 

t an  €3, 

t an  p, slope of shock at x = 03 (p, = s in- l ( l /&, ) )  

initial slope of shock at nose apex (x = y = 0 )  

Factor 
shock shapes calculated by equation (Bl) and the method of character is t ics ,  
i s  presented graphically in reference 11 as a function of free-stream 
Mach nuniber and nose semiapex angle. 

&, which w a s  determined by trial and er ror  from comparison of 

When the nose i s  inclined at  an angle a t o  the stream axis, the 
Z ~ Z P ~  of the attaclieii Shock ID the  -feiticait. phiie of spiirietry (see 
sketch ( c ) )  becomes asymmetric with respect t o  the body axis. To obtain 

Sketch (c )  
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the  local  ordinate f o r  t h i s  case, equation (Bl) may be generalized t o  the  
form 

. 

Here, factor  
No values of I&, are  available; however, i n  the present investigation 
it was found t h a t  the assumption 

specif ies  the s c a l e  f o r  a par t icu lar  angle of attack. 

yielded sa t i s fac tory  predictions of the shock shape f o r  the angle range, 
-15' L a 5 15'. Angle 8 ,  i s  determined from the  second-order cone 
solutions of Stone ( r e f .  13) as tabulated i n  reference 14, or  the  conical 
flow theory of Savin developed i n  reference 9. 
resul ts  over a range of cone angles and Mach numbers not t r ea t ed  i n  
reference 14. 
reference 14 f o r  B2. 

The l a t t e r  theory provides 

For the  present models, reference 9 w a s  used f o r  B1 and 
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TABLE 1.- INDEX TO BASIC DATA 

(a )  Force D a t a  

Figure number for model 
&uant i t y  

0 

I 
5 
# 
- 

1.97 
2.94 
1-97 
2.94 
1-97 
2.94 

M, 

A 
1 

(b)  Survey  Data 

Figure number for model 
Quantity loca t  ion B1 B2W2 

t 

I 
VPS 

I 
VPS & OVP 

OVP 

M 

U' 
I 

Vert ica l  plane of symmetry 1 

20utboasd ve r t i ca l  plane 



c 

Body 8, has tangent ogive nose 
Body 82 has opproximote 

d X 3/4 Newtonian nose, rI = 7 (x) 
d = 1.25" 

65- <Moment reference center 

a ~ a r l  

I I 

. . . . - . . - 

- 4.13d 

2.16d 

-T 
I 4.5d I 

7 

Section B-B (enlarged) 

1.10d 

i 
I 

(a)  Wing-body-nacelle de ta i l s .  

( b )  View of model B,W,N. 

Figure 1.- Model geometry. 
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( a )  Two views of survey apparatus and model B2W2 shown inverted i n  wind 
tunnel. 

Vert. 

_. 
View in downstream direction 

(b )  Flow survey rake; horizontal  and v e r t i c a l  locations of survey. 

F O U ~  static pressure orifices /- 0135 diarn, 90" apart 

( e )  Cone de ta i l s .  

Figure 2. - Flow survey apparatus and locations.  

. 
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. 

Wind axis 

. 

(a)  Vert ical  plane of body. 

Wind axis 

(b) Horizontal plane of body. 

Figure 3.- Angle designation and sign convention of l o c a l  flow vector.  
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Figure 10.- Pitot-pressure ratio i n  v e r t i c a l  plane of symmetry for 
P = 0' and & = 2.95. 
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Figure 10. - Concluded. 
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24 

0 I 2 3 4 5 6 7 8 9 IO 
x /d 

2 .o 

(4  B1 

M, = 2.95. 
Figure 11.- Mach number i n  v e r t i c a l  plane of symmetry for P = 0' and 
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Figure 11. - Continued. 
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Figure 11.- Continued. 
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Figure 11. - Concluded. 
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Figure 12.- Local angle of attack. i n  v e r t i c a l  plane of symmetry f o r  
f3 = 0' and I&, = 2.95. 
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Figure 12.- Continued. 
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-3.- Comparison of pitot-pressure ratio in outboard plane and 
plane of symmetry for = Oo and = 2.93. 
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Figure 13. - Concluded. 
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Figure 14.- Comparison of Mach number i n  outboard plane and plane of 
symmetry for p = 0' and Moo = 2.95. 
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Figure 15.- Comparison of l o c a l  angle of a t t a c k  i n  outboard plane and 
plane of symmetry for P = 0' and & = 2.95. 
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(b) B2 and B2W2 

Figure 15. - Concluded. 
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Figure 16.- Local s ides l ip  angle i n  l e f t  outboard v e r t i c a l  plane f o r  
p = 0' and M, = 2.95. 
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